The occurrence and roles of cGMP were investigated in aleurone layers and protoplasts isolated from barley (cv Himalaya) grain. Levels of cGMP in freshly isolated barley aleurone layers ranged from 0.065 to 0.08 pmol/g fresh weight of tissue, and cGMP levels increased transiently after incubation in gibberellic acid (GA). Abscisic acid (ABA) did not increase cGMP levels in aleurone layers. LY 83583 (LY), an inhibitor of guanylyl cyclase, prevented the GA-induced increase in cGMP and inhibited GA-induced a-amylase synthesis and secretion. The inhibitory effectsof LY could be overcome by membranepermeant analogs of cGMP. LY also prevented GA-induced accumulation of a-amylase and GAMYB mRNAs. cGMP alone was not sufficient to induce the accumulation of a-amylase or GAMYB mRNA. LY had a less dramatic effect on the accumulation of mRNAs encoding the ABA-responsive gene Rab21. We conclude that cGMP plays an important role in GA, but not ABA, signaling in the barley aleurone cell.
INTRODUCTION
Cyclic nucleotide monophosphates (cNMPs) play an important role in transducing externa1 signals to changes in cell metabolism in animal cells (reviewed in Bentley and Beavo, 1992) . Both cAMP and cGMP are involved in stimulus-coupled responses. cGMP acts by regulating the activity of protein kinases, phosphodiesterases, and ion channels and by regulating gene expression. In contrast to their well-characterized roles in animal cells, the role of cyclic nucleotides in plant metabolism is not well established (Brown and Newton, 1981; Spiteri et ai., 1989; Assmann, 1995; Bolwell, 1995) .
Evidence of roles for cyclic nucleotides in plant metabolism has only recently been reported. Electrophysiological studies suggest that cAMP may regulate the activity of plant ion channels , but a role for cAMP remains controversial (Assmann, 1995) . Severa1 recent reports have implicated cGMP in various aspects of cellular regulation in plants. For example, indirect evidence indicates that cGMP may be important in light detection (Brown et ai., 1989) , signal transduction (Bowler et al., 1994) , and ion channel regulation (Hiroshi, 1995) . In this context, we have identified a homolog of cyclic nucleotide-gated cation channels from barley aleurone, which we have named HvCBT-1 (Schuurink and Jones, 1995) . In common with the potassium channels KATl (Anderson et ai., 1992) and AKTl (a second Arabidopsis potassium transporter; Sentenac et ai., 1992 ) from plants, HvCBT-1 has a cGMP binding motif in the C-terminal region of its deduced amino acid structure. These observations prompted us to investigate the presence and possible roles of cGMP in the barley aleurone.
The cereal aleurone is a secretory tissue whose metabolism is under hormonal control. The responses of aleurone cells to gibberellic acid (GA) include changes in the levels of cellular signaling molecules (Bush, 1995) and the synthesis and secretion of hydrolytic enzymes (reviewed in Jones and Jacobsen, 1991) . In the germinating grain, these enzymes, of which a-amylase is the predominant species, are secreted into the starchy endosperm, where they remobilize storage reserves that supply the growing seedling. Abscisic acid (ABA) antagonizes many of the GA responses in barley aleurone and induces the expression of a distinct set of genes (Jones and Jacobsen, 1991; van Beckum et ai., 1992) . Thus, the metabolism of the aleurone can be manipulated and serves as an experimental model for studies of plant hormone signaling.
Recent studies have shed light on the earliest events in the transduction of GA and ABA signals in aleurone cells. Evidence from severa1 studies suggests that the site of GA perception is at the plasma membrane (Hooley et al., 1991; such as GAMyb, a ffans activator of the high-pl a-amylase promoter (Gubler et al., 1995) , have not been identified.
In this article, we report on the role of cGMP in the response of the barley aleurone to GA and ABA. We show that GA, but not ABA, elevated cGMP levels and that GA-induced elevation of cGMP could be prevented by the guanylyl cyclase inhibitor LY 83583 (LY; 6-anilinoquinoline-5,8-quinone). As well as reducing the levels of cGMP, LY blocked the synthesis and secretion of a-amylase by aleurone layers and isolated protoplasts. This effect of LY could be reversed by treatment with membrane-permeant derivatives of cGMP, but application of these cGMP derivatives alone was not sufficient to induce the GA response. We also show that LY inhibited the GA-induced increase in a-amylase and GAMYB mRNAs, but that it had a much less pronounced effect on ABA-induced accumulation of Rab21 (iesponsive to AJA; Mundy and Chua, 1988) mRNA. We conclude that cGMP is an important early component of the response of the cereal aleurone to GA but not to ABA.
RESULTS

GA, but dot ABA, lncreases cGMP Levels in Barley Aleurone Layers
The first stage of this investigation was to determine whether cGMP was present in aleurone layers and whether its levels lsolated aleurone layers were incubated with CaCI, (Control) plus GA or ABA for up to 6 hr. cGMP was extracted from layers and quantified by radioimmunoassay using a double-antibody method. Data represent the mean ~S D of duplicate measurements of cGMP from three experiments.
were modulated by hormone treatments. Using a radioimmunoassay, we measured cGMP in aleurone layers that had been treated with GA or ABA for various times. Figure 1 shows that aleurone layers incubated in the absence of hormone contained low levels of cGMP (between 0.065 and 0.08 pmol/g fresh weight of tissue, corresponding to 0.038 and 0.04 nM, respectively). These levels are similar to those reported for some animal tissues, but they are low when compared with levels reported for other plant tissues (Pfeiffer et al., 1994) . GA treatment resulted in a significant increase in levels of cGMP (Figure 1 ).
This increase was rapid and transient. It was maximal at 2 hr (approximately threefold above the level in control tissue incubated in 10 mM CaCI2) and declined to control levels after 4 hr. The magnitude of this increase is comparable to that found in stimulated animal tissues, such as guinea pig pancreas (Schmidt et al., 1985) and cultured endothelial cells (Mülsch et al., 1988) . A transient increase in cGMP levels is consistent with a role of this cNMP in cell signaling. In contrast to GAtreated layers, levels of cGMP in ABA-treated layers were not significantly different from those in the control tissue ( Figure  l ), suggesting that cGMP may not be a component of ABA signaling in aleurone cells.
LY Reduces cGMP Levels and lnhibits a-Amylase Activity
The elevation of cGMP levels brought about by GA is likely to result from the stimulation of guanylyl cyclase activity. We investigated cGMP synthesis in aleurone cells by using LY. LY inhibits soluble guanylyl cyclase (Mülsch et al., 1988) and has been shown to reduce levels of cGMP and to inhibit cGMPmediated responses in a variety of animal cells (Schmidt et al., 1985; Bahnson et al., 1993; Xu et al., 1994) . Treatment of aleurone layers with LY resulted in reduction of GA-stimulated cGMP by -60°/o, as shown in Figure 2 . This observation is consistent with the effect of this inhibitor on cGMP levels in animal cells and suggests that GA signaling involves the activation of a guanylyl cyclase activity.
cGMP 1s Required for a-Amylase Production by GA-Treated Aleurone Cells
Having determined that LY reduced cGMP levels in aleurone cells, we investigated the effect of reduced cGMP levels on downstream events in the GA response by examining the role of cGMP in a-amylase production. Figure 3 shows the effect of LY treatment on enzyme activity by aleurone layers and protoplasts. At concentrations >100 WM, LY reduced the a-amylase activity of GA-treated aleurone layers in a dose-dependent manner so that at 200 pM LY, a-amylase activity was reduced to the level of the control(l0 mM CaCI2) tissue ( Figure 3A) . The ICs0 for the inhibitory effect of LY in GA-treated aleurone layers was calculated to be 120 pM. Aleurone protoplasts were more sensitive to LY because a-amylase production by GAtreated protoplasts was reduced to the level of control cells To investigate the specificity of LY action, we tested the ability of membrane-permeant analogs of cGMP to reverse the inhibitory effects of LY on GA-induced a-amylase production. Aleurone layers and protoplasts were incubated with GA in the presence or absence of membrane-permeant derivatives of cGMP and LY. The effects of these treatments on a-amylase activity are shown in Figure 4 . Dibutyryl cGMP (DB-cGMP) had a small(l5 to 20%) but significant inhibitory effect on the response of barley aleurone layers to GA ( Figure 4A ). When compared with layers incubated in GA plus DB-cGMP, the inhibitory effects of LY could be restored by DB-cGMP in GA-treated aleurone layers ( Figure 4A ). However, DB-cGMP was ineffective in stimulating a-amylase production by layers in the absence of GA ( Figure 4A ). The effects of DB-cGMP on the response to GA were specific for this cNMP, because DB-cAMP could not reverse the effects of LY on GA-induced a-amylase activity ( Figure 4A ). Although 8-bromo-cGMP could reverse the effects of LY on GA-induced a-amylase activity in aleurone protoplasts, this analog was ineffective in stimulating a-amylase production in the absence of GA (Figure 48 ).
Unlike the case with aleurone layers ( Figure 4A ), membranepermeant analogs of cGMP do not affect the response of aleurone protoplasts to GA ( Figure 4B ). The ability of membrane-permeant cGMP analogs to reverse the effects of LY was dependent on the concentration of LY. Whereas cGMP analogs could reverse the effects of LY at ICs0 concentrations of the inhibitor, they were much less effective when LY was applied at concentrations that reduced a-amylase activity to levels found in controls incubated in 10 mM CaCI2.
To examine the effects of LY on mRNA accumulation, we measured levels of a-amylase, GAMYB, and Rab21 mRNAs in aleurone layers incubated in the presence or absence of GA or ABA for 8 hr. High-pl a-amylase (Deikman and Jones, 1985) and GAMYB (Gubler et al., 1995) mRNAs accumulate in GAtreated cells to half-maximal levels or more after 8 hr of hormone treatment. Rab21 mRNA accumulates in cells incubated in ABA and also reaches half-maximal levels .u8 hr after the beginning of ABA treatment (Mundy and Chua, 1988) . RNA gel blotting confirmed that GA increased the levels of high-pl a-amylase and GAMYB mRNAs in aleurone cells treated with GA for 8 hr ( Figure 5A ). The levels of a-amylase and GAMYB mRNAs were low in freshly isolated aleurone layers that had not been exposed to GA, but these levels increased dramatically after incubation for 8 hr in GA ( Figure 5A ). ABA also caused a marked increase in Rab21 mRNA levels. In freshly isolated aleurone layers, Rab21 mRNA levels were low, but they increased >20-fold after incubation for 8 hr in ABA ( Figure 5A ). GA had no effect on Rab21 mRNA accumulation, whereas ABA reduced the levels of a-amylase mRNAs (data not shown). LY caused a marked reduction in the levels of a-amylase and GAMYB mRNAs in GA-treated aleurone layers ( Figure 5A ). The effect of LY on a-amylase mRNA accumulation was concentration dependent, and the LY dose-response was almost identical to that found for a-amylase protein synthesis in aleurone layers shown in Figure 3A (data not shown).
Figure 5B shows data that are the average of several experiments. After incubation in GA and LY for 8 hr, a-amylase mRNA levels were reduced to <25°/o of those of layers incubated in GA alone, and GAMYB mRNA levels were ~40% of the level in GA without LY. LY had a much less dramatic effect on ABA-induced Rab21 mRNA levels; in three experiments, Rab21 mRNAwas reduced by LY to ~70% of its level in ABA-treated layers (Figure 5B) . These results are important not only for showing that LY has different effects on GA-and ABA-induced processes, but also to demonstrate that the effects of LY are not cytotoxic and do not prevent the accumulation of all mRNAs. Membrane-permeant analogs of cGMP alone were ineffective in inducing the accumulation of a-amylase and GAMYB mRNAs in aleurone layers. Treatment of aleurone cells with DB-cGMP for 8 hr did not increase levels of either a-amylase or GAMYB mRNAs, although in the same experiment GA caused the expected increase in the levels of both transcripts. Figure 6A shows data from sequential hybridization with a GAMYB probe and high-pi a-amylase probe ( Figure 6B ) to the same RNA blot. Whereas GA brought about an increase in mRNAs that hybridized with both probes, DB-cGMP did not increase mRNA levels above controls incubated in the absence of GA. 
LY Does Not Affect Oxidative Metabolism or Aleurone Cell Viability
To rule out the possibility that LY was preventing the accumulation of GAMYB and a-amylase mRNAs and the synthesis and secretion of a-amylase protein via nonspecific effects on cellular metabolism in aleurone layers or protoplasts, we moni- Layers were treated with CaCI 2 in the presence ( + ) or absence (-) of GA or DB-cGMP (400 nM) for 8 hr. Total mRNA was isolated, and the blots were probed (A) Gel blot probed with the GAMYB cDNA. (B) Gel blot probed with the high-pi a-amylase cDNA. The levels of mRNA in treated layers are compared with those in layers at the start of incubation (t = 0). tored oxygen uptake by isolated layers as well as cell number and viability in aleurone protoplasts. Treatment of aleurone layers with LY (120 or 200 uM) had no effect on rates of oxygen uptake when compared with GA-treated tissue (Table 1) . In contrast, the rate of oxygen uptake by tissue that had been killed by freezing and thawing was no different from the background rate (Table 1) . Neither the morphology nor the viability of cells was affected by LY in protoplasts incubated in the presence or absence of GA (data not shown).
DISCUSSION
Our results show that cGMP plays a key role in the response of the barley aleurone cell to GA. The evidence in support of this conclusion can be summarized as follows. GA brings about an increase in cellular cGMP levels before the onset of transcription of a-amylase genes. LY, an inhibitor of guanylyl cyclase, prevents the GA-stimulated increase in cGMP levels and inhibits the GA-induced increase in GAMYB and a-amylase mRNA accumulation. The effects of LY on a-amylase production can be reversed by membrane-permeant analogs of cGMP, indicating that the inhibitory effects of LY are specific. In contrast to its role in GA signaling, cGMP does not play a role in the response of the aleurone cell to ABA. ABA does not affect cGMP levels in the aleurone cell, and inhibition of cGMP synthesis by LY does not have a marked effect on the accumulation of ABA-induced mRNAs. We conclude from these data that the signal transduction pathways linking GA and ABA to the regulation of gene expression in the aleurone cell are different. Our data showing the involvement of cGMP in GA signaling in the aleurone cell are consistent with other reports of the occurrence of cGMP in plant cells (Janistyn, 1983; Newton et al., 1991; Newton and Brown, 1992) and its role in ion channel regulation (Hiroshi, 1995) and phytochrome signaling pathways (Bowler et al., 1994) . cGMP has been unambiguosly identified by mass spectrometry in a wide variety of plant tissues, including cereals (Janistyn, 1983) ; moreover, environmental signals such as light (Brown et al., 1989) and nitric oxide (Pfeiffer et al., 1994) cause dramatic increases in the levels of cGMP in plants. In bean, for example, exposure of plants to 1 hr of white light after a 12-hr dark period caused cGMP levels to increase fourfold (Brown et al., 1989) . The lightinduced increase in cGMP was transient, because cGMP returned to dark levels after 5 hr in light. It is of interest that light-induced changes in the level of cGMP in bean plants were not accompanied by marked changes in the activities of either guanylyl cyclase or cGMP phosphodiesterase (Brown et al., 1989) . Although it is not clear how light brings about changes in cGMP in bean plants, we infer that in aleurone tissue, the GA-induced rise in cGMP is via an effect on guanylyl cyclase, because LY, an inhibitor of guanylyl cyclase, prevents the increase in cGMP in response to GA.
cGMP has been directly implicated in signal transduction in plants. Changes in cGMP concentration play a direct role in phytochrome signal transduction in the phytochrome A-deficient aurea mutant of tomato (Bowler et al., 1994) . Using an elegant microinjection technique, Bowler et al. (1994) showed that phytochrome A activates heteromeric G proteins, which in turn use cGMP and Caz+ as components of three separate signal transduction pathways, leading to anthocyanin production and complete chloroplast development in aurea mutants.
Microinjection of cGMP alone was able to activate anthocyanin production in aurea hypocotyl cells but was unable to initiate complete chloroplast development. Only when cGMP was microinjected with Ca2+ and calmodulin could the complete phytochrome A signaling pathway be mimicked (Bowler et al., 1994) . Although Bowler et al. (1994) did not identify the target proteins with which cGMP interacts, they speculated by analogy with photoperception in animal cells that cGMP-regulated ion channels might play an important role, perhaps by changing cytosolic Ca2+ concentrations.
Our recent work with the barley aleurone cell lends support to the model that cGMP and Ca2+ might interact via cyclic nucleotide-gated channels. We were prompted to investigate the occurrence and roles of cGMP in aleurone cells after the isolation of cDNAs encoding a new class of ion channels from aleurone that have high homology to cyclic nucleotide-gated ion channels (Schuurink and Jones, 1995) . These ion channel homologs have both cNMP and calmodulin binding domains at their C termini and show 47% similarity at the amino acid level to animal olfactory channels. Animal olfactory channels are regulated by cNMPs and calmodulin and allow the movement of cations, including Ca2+ (Goulding et al., 1992; Biel et al., 1994; Liu et al., 1994) . The pore domains of the putative cNMP and calmodulin binding channels that we have isolated from barley aleurone do not share homologies with K+ channels previously isolated from plants (Schuurink and Jones, 1995 ; R.C. Schuurink and R.L. Jones, unpublished data). We speculate that these recently identified channels from barley gate cations other than K+ and may play a role in Ca2+ homeostasis in the aleurone cell.
Additional support for a role of cGMP in regulating plant cell function comes from experiments showing that cGMP can modulate the activity of KATI in Xenopus oocytes (Hiroshi, 1995) . KATl is a voltage-regulated K+ channel isolated from Arabidopsis, and sequence analysis has shown a cNMP binding domain at the C terminus (Anderson et al., 1992) . When expressed in Xenopus oocytes, the activity of KAT1 could be modulated by voltage and by cGMP and cytosolic Ca2+ (Hiroshi, 1995) . However, it has not been established that KAT1 is regulated in the plant by cGMP
The elements of the phytochrome signaling pathways described for tomato (Bow1er et al., 1994) have now been identified in cereal aleurone. Although the details of the signal transduction pathways that couple GA and ABA to the response of the cereal aleurone remain to be described, a general framework of the process is beginning to emerge, and G proteins, Ca2+, calmodulin, and cGMP are a11 implicated. Receptors for GA and ABA have been shown to be localized on the plasma membrane of cereal aleurone cells (Hooley et al., 1991; Gilroy and Jones, 1994) . Changes in cytosolic Ca2+ (Bush, 1995 (Bush, , 1996 and H+ (Heimovaara-Dijkstra et al., 1994) have been observed as early as 5 min after exposure to hormones. Calmodulin levels also increase in barley aleurone cells after exposure to GA, and this regulatory protein is especially abundant in the nucleus and on the endomembranes of the aleurone cell (Schuurink et al., 1996) .
Calmodulin plays an important role in regulating membrane transport proteins in the aleurone cell. For example, a Ca2+-ATPase on the endoplasmic reticulum (Gilroy and Jones, 1993 ) and a nonselective slow vacuolar cation channel on the tonoplast (Bethke and Jones, 1994) both require calmodulin for activity. Preliminary reports also suggest that heterotrimeric GTP binding proteins play a role in GA signaling in oat aleurone . Ga and GP subunits of G proteins have been cloned from GA-treated oat aleurone, and experiments with mastoporan and pertussis and cholera toxins indicate that G proteins play a role in GA signal transduction .
There are other interesting parallels between our work with cereal aleurone and the phytochrome signaling pathways in tomato. As in aurea tomato plants, cGMP is not a component of all hormone signal transduction pathways in barley aleurone. Whereas cGMP is strongly implicated in the regulation of GAMyb and a-amylase gene expression, the regulation of ABA-dependent genes appears to be either independent of cGMP or much less sensitive to this molecule. Other evidence also indicates that GA and ABA utilize different signaling pathways in cereal aleurone. Gilroy (1996) has shown that whereas Ca2+ and calmodulin are essential components of the GA signa1 transduction pathway leading to the synthesis and secretion of a-amylase, Ca2+ and calmodulin do not participate in the pathway leading to the regulation of the ABA-inducible gene Em.
lnhibition of the accumulation of GAMYB mRNA by LY also provides interesting clues about the role of cGMP in regulating the synthesis of a-amylase. GAMYB has been shown to be a transactivator of an a-amylase gene promoter in barley aleurone (Gubler et al., 1995) . Overexpression of GAMYB mRNA in aleurone cells can substitute for GA in the expression of the GA-regulated reporter gene construct Amy(-174)IGN (Gubler et al., 1995) . Because LY prevents the accumulation of both GAMYB and a-amylase mRNAs, we speculate that cGMP acts upstream of GAMYB.
Although cGMP is an important component of the GA sigtography. Fractions containing cGMP were dried using a Speedvac (Savant, Holbrook, NY). The residues were resuspended in 500 pL of sodium acetate buffer (50 mM, pH 6.2). cGMP was estimated using a radioimmunoassay adapted from the method of Steiner (1974) and a commercially available kit (Du Pont-New England Nuclear). Assays were conducted according to the manufacturer's instructions; acetylation was used to increase the sensitivity of the assay. The antibody label complex was precipitated and resuspended in 0.5 M NaOH. This solution was mixed with 5 mL of scintillation fluid, and the amount of label in the sample was determined by conventional scintillation counting. cGMP was quantified by comparison to authentic cGMP For routine estimation of efficiency of recovery, 3H-cGMP (4500 cpm) was added at the beginning of the extraction procedure. Typically, recoveries of >70% were achieved. naling pathway in barley aleurone, it cannot substitute for GA in the synthesis and secretion of a-amylase. Furthermore, cGMP is not sufficient to promote complete chloroplast development in aurea tomato plants (Bowler et al., 1994 can 'timulate anthocyanin biosynthesis in tomato hypoco~l cells, the ' ynthesis Of photosystems I and I' and Other a-amylase secretion, cell viability and yield, and oxygen uptake, Aleurone layers were treated with CaCI, (10 mM) and Ly (5 to 300 WM in components of fUnCtiOnal chloroplasts requires Ca2+ and calmodulin in addition to cGMP In the aleurone layer, neither a-amYlase mRNA ~CC~mulation nor enzyme activity are stimulated by cGMP alone. We conclude that cGMP is a component of the GA signaling pathway in the barley aleurone cell but that cGMp alone is insufficient to bring about the regulation of complex responses such as a-amylase synthesis.
lo/o DMSO) in the presence or absence of GA (5 pM) or ABA (5 pM) and incubated for up to 24 hr with shaking at 120 rpm, controls for the LY treatment, aleurone layers were incubated with GA, CaCI,, and 1% DMSO. Aleurone protoplasts were incubated in a medium (Lin et al., 1996) containing 5 pM GA, 28 mM CaCI,. and 5 to 100 pM LY in 1% DMSO for 72 hr without shaking. The effects of cNMP analogs were tested by adding the appropriate cNMP or membrane-permeant analog dissolved in H20 to the incubation medium. afmylase activ-
METHODS
Plant Material
ity was measured by the starch-iodine method (Jones and Varner, 1967) . Maximal a-amylase activity could be detected in aleurone layers after 24-hr incubation in GA and in protoplasts after 72 hr in GA (Bush et al., 1986) . Protoplast yield was monitored by counting cells with a hemocytometer, and protoplast viability was determined with the vital stain phenosafranin (0.1% in Gamborg's 85 medium; see Lin et al., 1996) . Rates of oxygen uptake by aleurone layers were measured PolarograPhicallY using an OxYgen monitor (Rank Brothers, Bottisham, UK). Rates of oxygen uptake by LY-treated aleurone layers were compared with those Of untreated layers and those of layers killed by freezing in liquid nitrogen followed by SlOW thawing.
Aleurone layers were prepared from barley (Hordeum vulgare cv Himalaya; 1991 harvest, Agronomy Department, Washington State University, Pullman) as described by Deikman and Jones (1985) . The embryo and dista1 end of the grain were removed, and the resulting half-grains were surface sterilized and imbibed in water for 4 days. Aleurone layers were isolated by removing the starchy endosperm. Protoplasts were isolated as described by Lin et al. (1996) . lsolated RNA lsolation and RNA Gel Blotting aleurone layers and protoplasts were incubated in a medium containing CaCI, (10 mM for aleurone layers and 28 mM for protoplasts) and hormones (gibberellic acid [GA] and abscisic acid [ABA] both at 5 pM), and effectors where indicated. LY 83583 (LY, 6-anilinoquinoline-5,E-quinone) and cyclic nucleotide monophosphate (cNMP) derivatives were from Calbiochem (La Jolla, CA).
' lsolation and Measurement of cGMP in Aleurone Layers
Aleurone layers (20) were frozen with liquid N2 in a prechilled mortar and ground to a fine powder with a chilled pestle. The frozen powder was mixed with 6% trichloroacetic acid and allowed to thaw. After further homogenization, the slurry was clarified by centrifugation at 20009 for 15 min. cGMP in the supernatant was separated from cAMP (Fletcher and Chader, 1976) , and cGMP was separated from ATP and GTP (White, 1974) by using sequential formate ion exchange and alumina chromaAleurone layers (60) were ground to a fine powder in liquid nitrogen with a mortar and pestle. Total cellular RNA was isolated and purified as described previously (Slater, 1984) . The RNA was separated from small molecules by using a Sephadex-G50 spin column (Schuurink et al., 1996) . RNA gel blots were made by separating RNA on a glyoxal-DMSO agarose (1.4%) gel followed by blotting onto a nylon membrane (Hybond-N; Amersham), as suggested by the manufacturer. Membranes were,hybridized at 65OC in 7% SDS, 0.5 M,Na2P04, pH 7.2, and 0.1 mglmL sonicated herring sperm DNA. High-pl a-amylase (Deikman and Jones, 1985) and GAMYB (Gubler et al., 1995) cDNA probes were labeled with a32 P-dCTP by random priming according to the manufacturer's i'nstructions (Amersham). The blots were washed twice at 65OC in 2 x SSC (1 x SSC is 0.15 M NaCI, 0.015 M sodium citrate) and 1% SDS. The amount of 32P-labeled cDNA probe hybridized with specific mRNA was determined semiquantitatively by measuring the absorbance on autoradiographs with the use of an
